Abstract: Vulture volcano displays a wide range of mafic to alkaline, carbonate-, and/or CaO-rich volcanic rocks, with subvolcanic and plutonic rocks together with mantle xenoliths in pyroclastic ejecta. The roles of magmatic volatiles such as CO 2 , S, and Cl have been determined from compositions and trapping temperatures of inclusions in phenocrysts, which include the Na-K-Ca-carbonate nyerereite within melilite. We surmise that this alkali carbonate crystallised from an appropriate carbonatitic melt at relatively high temperature. Carbonatitic metasomatic features are traceable throughout many of the mantle xenoliths, and various carbonatitic components are found in the late stage extrusive suite. There is no evidence that alkali carbonatite developed as a separate magma, but it may have been an important evolutionary stage. We compare the rare occurrence of nyerereite at Vulture with other carbonatites and with an unaltered kimberlite from the Udachnaya pipe. We review the evidence at Vulture for associated carbonatitic metasomatism in the mantle, and we suggest that low viscosity alkali carbonatitic melts may have a primary and much deeper origin than previously considered.
Introduction
We focus on the small volume carbonatitic extrusive rocks of Vulture volcano, which belong to a province of kamafugites, melilitites, foidites, and carbonatites described by Lavecchia and Stoppa [1] and several papers by Stoppa and co-workers [2] [3] [4] (Figure 1A ). Tectonically, Vulture lies on relatively thick lithosphere (> 100 km: [5] ) far from the * E-mail: stoppa@unich.it deep-seismicity of the Tyrrhenian Sea, but lies within a zone of intense crustal dip-slip earthquakes associated with a graben system along the main Apennine divide [6, 7] ( Figure 1B and C). Vulture is a complex stratovolcano with several eccentric eruptive centres. The following geological summary is taken from Principe and Giannandrea [8] . Early stage phonolitic ignimbrites and domes repeatedly formed a "basal" caldera sequence at around ∼700 ka, followed by stratovolcano formation at around 600-550 ka. The volcano is dominated by tephritic and phonolitic foidites . Petrographic images of Vulture spinel lherzolitewehrlite and mica-amphibole-olivine-clinopyroxenite xenolith suite interpreted as mantle, which was metasomatised in the amphibole stability field [10, 57] . A. Intergranular carbonate filling veins and engulfing primary mantle minerals (spinel lherzolite XPL). B. Coarsegrained amphibole peridotite (PPL) with a porphyroclastic texture; inside the amphibole note a reaction assemblage of pyroxene + glass + carbonate. C. Relict orthopyroxene with an olivine consertal rim 50-100 μm thick surrounded by an outer cpx corona; opx and the surrounding cpx have similar crystallographic orientations as denoted by the continuous cleavage in both minerals. D. Intergrowth of euhedral cpx, skeletal olivine, dark brown glass, and calcite filling "corrosion" vugs in amphibole from peridotite (PPL). E. Composite inclusion within olivine which shows glass and carbonate with central dark dense inclusions of CO 2 . F. SEM image of veins in spinel lherzolite containing interconnected glass pockets (dark grey) and euhedral cpx grains (white) with irregular lobate carbonate blebs (pale grey, mottled). (A to F images courtesy of G. Rosatelli).
with minor melilititic rocks. A considerable period of inactivity lasted from ∼550 ka until ∼150 ka. As recently as 141 ka, the final stage saw a maar swarm extending beyond the main volcanic edifice [8] . Maar products are co-eruptive carbonatite and melilitite, which cover an area of up to 15% of the volcano flanks although they represent much smaller volumes (Monticchio Lakes Formation: [9] ). Additional varieties of rock types include nepheline syenite, ijolite, clinopyroxenite, sövite-alvikite, melilitolite, and uncompahgrite ( Figure 2 ). Mantle xenoliths, mostly spinel lherzolites and wehrlite-veined lherzolite, are common in the extrusive carbonatitic rocks (Figure 2 ). Some xenoliths carry Mg-garnet relics and/or carbonates and are important because they indicate an upper mantle origin for the late Vulture parental magmas [10] .
The young and fresh nature of the Italian carbonatitic rocks and their association with silicate magmas makes this region an important geological area for understanding the petrogenesis of carbonatites in general. There are strikingly close mineralogical and extrusive similarities in their occurrence with classic young carbonatite volcanism in the east African rift, although paradoxically there is no similarity between the underlying geophysical structures on a lithospheric scale [11] .
Regional degassing of CO 2 at the surface is an important feature of the Vulture region; even in non-volcanic areas the flux of CO 2 is very high, often exceeding large volcanic regions by several orders of magnitude. Central southern Italy emits ∼2. 5-5 × 10 11 mol./year of deep CO 2 , with Vulture volcano producing ∼3.7 × 10 9 mol./year of CO 2 [12] ; another centre is the Mefite d'Ansanto, 30 km SW of Vulture, which emits 300,000 tons/yr CO 2 , which is comparable to the entire Taupo volcanic field in New Zealand or the geothermal fields in Iceland (Figure 1 ; [13] ). Therefore, Italy is one of the biggest producers of continuous deep seated CO 2 degassing in the world. Most of this CO 2 has δ 13 C of between -2 and +2 ≤, indicating a mantle contribution. It is unclear how this high carbon flux relates to the carbonate-rich volcanism, but the coincidence, as in the east African Rift, is highly suggestive.
The petrogenetic interpretation of carbonatites has a long history, wherein it took decades to understand that intrusive carbonatites are largely non-representative of primary carbonatitic melts; instead, extrusive carbonatites are more instructive. Extrusive carbonatites can contain large amounts of mantle debris, frustrating attempts to identify their initial carbonate contents. In addition, the older work has generally restricted the geochemical definition of carbonatites such that those with >10 wt.% silica were largely neglected [14] . Experimental petrology in the latter part of the twentieth century established various petrogenetic pathways for crystallisation of magmatic carbonate, with or without water, directly from partial melts in the system lherzolite (mantle)-CO 2 -H 2 O, with no limit for maximum depth or pressure (see [15] , and references therein). There was a century-long preceding argument about the origin of carbonates and associated alkalies in magma [16] which focussed on the need for contamination or fertilisation of mantle-derived melts and the mantle itself, effectively through subduction of crustal rocks like limestones and marls. In contrast, the isolated appearance of highly reactive natrocarbonatite lavas at Oldoinyo Lengai volcano in Tanzania has generally been accepted as mantle melts, whether or not they are related to coeruptive silicate magmas by fractional crystallisation, or immiscibility [17] . Other African carbonatites are considered to originate from the deep mantle -deeper than coexisting nephelinite magmas e.g. [18] . An unresolved issue concerns the calcite-dominated nature of most extrusive carbonatites despite phase equilibria for peridotite, which should make these rare relative to Mg-carbonates like magnesite [19] . So, currently there are three main models for the formation of mantle-derived carbonatite melts: (1) direct partial melts of carbonated mantle peridotite, (2) immiscible silicate-carbonate segregations, and (3) evolved fractional crystallisation of alkaline silicate melts. We do not exclude any of these models, but we also make a preliminary assessment of another new model, which we propose (4) where carbonatites are ephemeral fluids, which originate in the deep mantle, perhaps as deep as the core-mantle boundary.
Carbonatite at Vulture volcano: descriptive mineralogy
The carbonatites at Vulture consist of lapilli-ash tuffs and sparse alvikite and sövite ejecta. Extrusive carbonatites are well preserved only in the Monticchio Formation, while intrusive carbonatite ejecta have been found in the Vulture-San Michele stratovolcano and seem to be absent in the early phonolite ignimbrite [10, 20, 21] .
Plutonic carbonatite
A coarse-grained carbonatite [20] is mainly formed of calcite (1.5 to 3.5 wt.% MgO, up to 0.24 wt.% SrO) with much lower amounts of dolomite (18 wt 
Subvolcanic carbonatite
Vulture alvikite is an equigranular fine-to mediumgrained carbonate rock formed of a groundmass of mosaic textured calcite and cpx with rare large euhedral Tigarnet [21] . The calcite contains abundant small rounded inclusions of alkali-feldspar and is reminiscent of alkalifeldspar-bearing carbonatite from Fuerteventura in the Canary Islands [23] . The accessory minerals include wollastonite, which locally forms replacement patches, euhedral sphene, Ti-magnetite, and apatite. The estimated modal composition is: calcite 85%, cpx 9.6%, K-feldspar 3.9%, Ti-garnet 0.5%, sphene 0.4%, apatite 0.3%, wollastonite 0.3%, and magnetite 0.1% [21] . Minerals analysed by electron microprobe give the following compositions. Calcite has very little MgO, a typical SrO content of between 0.15 and 0.25 wt.%, and FeO up to 0.3 wt.%. Garnet has TiO 2 up to 4.7 wt.% and is a solid solution of 87-89 mol.% andradite, 9-12 mol% grossular, and 0.5-1 mol.% pyrope. The K-feldspar is sanidine in composition with a limited Ab molecular solid solution between 15 and 17 wt.% and minor FeO (up to 0.5 wt.%).
Extrusive carbonatite
The texture and composition of Vulture carbonatites differ from outcrop to outcrop due to the effects of diatreme transport and volcanic mechanisms, which can modify the volume ratio of carbonatite/silicate phases. Welded tuffs that are true carbonatite (modal carbonate > 50 vol.%) have been reported from Lago Grande, Lago Piccolo, and Vallone Toppo del Lupo [2, 4, 9] . Ultramafic debris, including disaggregated mantle xenolith material, is widespread in the Vulture calcio-carbonatites as attested by the relatively high proportions of SiO 2 and MgO. Stoppa and Principe [9] described the Monticchio Formation rocks as a mechanical mixture formed of carbonatite/melilitite. Primary non-carbonate minerals in the Vulture carbonatites include Si-LREE-apatite, atoll-textured spinel, Timagnetite, perovskite, and Ti-garnet ( Figure 3 ). They are set in a carbonate groundmass and carbonate pseudomorphs, which appear to replace cpx, melilite, and former olivine aggregates. In the groundmass there are cpx microphenocrysts showing distinctive zoning and green rims. Fe-monticellite and wollastonite occur as reaction products or coronae surrounding silicate xenocrysts.
Larger-sized silicate minerals found in the extrusive carbonatite are xenocrystal forsteritic olivine (Figure 2 ), hastingsitic amphibole, phlogopitic mica, and diopsidic cpx showing reaction rims and some strain induced irregular optical extinction. A similar mineralogy occurs in other Italian extrusive carbonatites at Polino, Cupaello, and Oricola [2, 4] and references therein) as well as other classic extrusive carbonatites, such as Fort Portal, Uganda [24] . The nature of the plutonic coarse-grained ejecta is variable but frequently includes melilitolite with haüyne, Tigarnet, Ti-magnetite, phlogopite, and minor pyrrhotite or gehlenite-calcite rocks, which may be previous silica-rich intrusive carbonatites and amphibole-bearing clinopyroxenite/ijolite and fergusite (cpx and leucite).
Melilitite-carbonatite lapilli
Lapilli (cm-scale) in the carbonatite tephra layers of Vulture have a complex internal structure. Stoppa and Woolley [2] and Stoppa et al. [25] proposed a likely formation mechanism. Concentric layered lapilli are typical of tuffisite and are thought to have formed by accretion of mixing and interaction between liquid droplets, solid fragments, and smaller lapilli around a solid nucleus. This accretion and lapilli growth likely occurred during rapid rotation in the mixed phase magma (gas-liquid-solid) while it was ascending in the volcanic conduit [26] . The Vulture lapilli must have formed at various levels in the lithosphere because their cores are mafic-ultramafic plutonic rocks (uncompahgrite, sövite, ijolite) or mantle lherzolite and wehrlite [10] . In general, the larger concentricallyshelled lapilli (>2 cm) have inner layers made of melilitite and outer shells made of agglutinated smaller porphyritic carbonatite lapilli (Figure 2) . Melilite in the inner portion occurs as abundant laths (30% mode) which are concentrically or fluidally arranged and often tangentially aligned (vortex texture). The outermost lapilli shells contain progressively less silicate minerals and grade into carbonatite. Melilite in particular disappears, and the rim texture is essentially a very patchy mosaic texture of fine-grained carbonate minerals (calcite). Modal carbonate can be 50% vol., qualifying as carbonatite. Only a small part of this carbonate is not primary and has a different texture with respect to turbid very fine-grained primary groundmass and calcite laths. Secondary carbonate fills vugs or forms sparry cement. More similar to the primary carbonate is carbonate replacing other phases; however it is distinct, having monticellite granulations, a coarser grain, and very variable composition. The bimodal composition of lapilli has been explained as the consequence of different viscosity of immiscible igneous melt pairs formed spontaneously by an evolving carbonatitic melilitite magma [2, 24, 25] . 
Extrusive carbonatite of Vallone Toppo del Lupo
Preliminary descriptions of the petrography and mineralogy of the Vallone Toppo del Lupo carbonatitic rocks were given by D'Orazio et al. [27] , Stoppa [4] , and Stoppa et al. [28] . The studied samples of flaggy carbonatite tuffs and discrete lapilli from the lower layers are dense, lightgrey rocks with aphyric texture. They contain numerous xenocrysts and clasts of alkaline silicate igneous and sedimentary rocks (up to 10 vol.%). Xenocrysts of cpx, amphibole, melilite, and phlogopite form euhedral to resorbed grains up to 15 mm in size, usually showing a reaction rim. Clasts of igneous rocks are mainly represented by melilitolite (melilite, haüyne, Ti-garnet, phlogopite, Timagnetite and pyrrhotite), amphibole-bearing clinopyroxenite/ijolite (cpx, amphibole), and fergusite (cpx, leucite, titanite, magnetite). The aphyric groundmass consists of calcite (>50 vol.%), apatite, Ti-magnetite, monticellite, perovskite, barite, and pyrrhotite ( Figure 3 ). Rare microphenocrysts of apatite, calcite, Ti-magnetite, monticellite, and rarely FeAl-spinel and melilite sometimes occur in the groundmass. Secondary minerals include calcite, ettringite, barite, zeolites, hematite, and Fe-hydroxides often replacing primary sulphides. Ettringite and zeolites usually form radial aggregates in cavities.
Nyerereite inclusions
Multiphase inclusions containing Na-Ca-carbonate and Ca-silicate (a Zr-rich member of the cuspidine group) were found in the core of a melilite xenocryst of the Vallone Toppo del Lupo carbonatite ( Figure 3 ). Na-Cacarbonate with Na/K = 2.3 and a reasonable amount of SO 3 from the Vulture carbonatite chemically resembles nyerereite [Na 0.82 K 0.18 ] 2 Ca[CO 3 ] 2 from natrocarbonatite lava of Oldoinyo Lengai volcano ( [29] [30] [31] [32] [33] and references therein). Nyerereite and other carbonates (zemkorite, natrofairchildite) with the general formula Na 2 Ca(CO 3 ) 2 are very rare and ephemeral under surface conditions. Besides the nyerereite of classic natrocarbonatite at Oldoinyo Lengai, natrofairchildite was identified at the Vuorijarvi alkaline complex, Kola Peninsula, Russia [34] and zemkorite was described in the groundmass of fresh kimberlites from the Udachnaya-East pipe, Siberia, and Venkatampalle, southern India [35, 36] . Then nyerereite was found in chloride-carbonate nodules in the Udachnaya-East kimberlites [37, 38] . Moreover, nyerereite, together with other alkaline carbonates, has been identified as a daughter phase of mineral-hosted melt inclusions in silicate rocks of carbonatite-related alkaline complexes and in kimberlites [39] [40] [41] [42] [43] [44] [45] . The chemical com- Table 1 . Chemical composition (wt.%) of nyerereite from the Vulture volcano in comparison with other minerals of the nyerereitezemkorite group from worldwide localities. 1. Nyerereite, inclusion in melilite xenocryst, calcio-carbonatite tuff of Vallone Toppo del Lupo, Vulture Volcano, Italy (this study). 2. Nyerereite inclusion in groundmass olivine, kimberlite of the Udachnaya-East pipe, Siberia, Russia (data from Sharygin V.V.). 3-5. Cores of "nyerereite" crystals in chloride-carbonate clasts in kimberlite, UdachnayaEast pipe, Siberia, Russia (data from Sharygin V.V.). 6-7. Nyerereite phenocrysts in natrocarbonatites, Oldoinyo Lengai Volcano, Tanzania [32] . 8. Zemkorite in kimberlite groundmass, Udachnaya-East pipe, Siberia, Russia [35] . 9. Zemkorite in kimberlite groundmass, pipe no. 7, Venkatampalle, Andhra Pradesh, India [36] . 10. Natrofairchildite, calcite vein in alkaline rocks, Vuorijarvi alkaline complex, Kola Peninsula, Russia [34] , n = average. position of the Vulture nyerereite is given in Table 1 in comparison with other Na-Ca-carbonates worldwide. Unlike other Na-Ca carbonates, the Vulture nyerereite contains somewhat higher CaO (33 wt.%), suggesting the possible presence of minor calcite and aphtithalite. However, Raman spectra for the Vulture nyerereite inclusion in the range 1000-1100 cm -1 (ν 1 region for CO 3 groups) show the expected peak at 1083-1086 cm -1 , which is characteristic for nyerereite from Oldoinyo Lengai [32] .
Groundmass mineralogy
The carbonate in laths and groundmass is calcite with low MgO and FeO contents (< 0.15 wt.%; EMPA) and relatively low MnO content (average 0.2 wt.%), but with distinctively high BaO content (∼ 2 wt.%), SrO (1.1-2.1 wt.%), and light rare earth element oxides (LREE 2 O 3 up to 1.1 wt.%;). Average Na 2 O+K 2 O is 1 wt.% with an average Na/K ratio of ∼ 0.8. Calcite which has replaced melilite also has a high SrO content (up to 1.5%). Other secondary calcite is virtually devoid of Sr, Ba, and LREE. In general, the high content of BaO in calcite is due the presence of micron-sized inclusions of barite.
Apatite contains relatively high contents of SiO 2 (up to 3.6 wt.%), SrO (up to 0.9 wt.%), and SO 3 (up to 1 wt.%), whereas the Cl and F concentrations are low (0.05 and 0.6 wt.%, respectively). Semi-quantitative SEM-EMPA analyses using the energy dispersive system (EDS) indicate that the Vallone Toppo del Lupo apatite also contains high amounts of LREE (∼1-2 wt.% total LREE). The relatively low abundance of P 2 O 5 (33-38 wt.%) and low analytical totals allow some carbonate-apatite or hydroxylapatite.
Titanomagnetite is an abundant primary oxide mineral in the VTDL carbonatite. It forms microphenocryst-sized anhedral crystals or, more commonly, tiny octahedra in the groundmass. Microphenocrysts are commonly zoned. Its composition is depleted in the ulvöspinel component (6-18 mol.%) and is enriched in 
Xenocrystal and xenolithic assemblages
Melilite in the Vallone Toppo del Lupo carbonatite is dominated by the gehlenite end-member (48-61 mol.%). The SrO content is low: from 0.2 to 0.8 wt.%. There are no significant differences between the xenocrystal and microphenocrystal populations in major elements, although they are slightly distinguished from the melilite of melilitolite clasts by higher Al 2 O 3 and CaO and lower SiO 2 contents. Among the melilites from silicate rocks at Vulture (melilitite of Vallone San Andrea, leucite melilitolite of Preta della Scimmia, carbonatitic ol-melilitite and melilite foidite of the Monticchio Formation, and melilitebearing foidite of Melfi), melilite from the Vallone Toppo del Lupo carbonatite is different in its low average content of åkermanite end-member (60-75 mol.%) [9, 49] . In Italy the highest contents of åkermanite (average 85 mol.%) have been indicated in kamafugitic rocks from San Venanzo and Cupaello [25, 48] . Melilite with a high gehlenite component is only matched in extrusive carbonatite from Fort Portal, Uganda [24] , in wollastonite uncompahgrite ejecta from Vulture (average 62 mol.%) [21] , and in leucite wollastonite melilitolite at Colle Fabbri (average 54 mol.%) [25] . The comparative data for the above melilites are given in Figure 4 .
Four populations of cpx can be distinguished in the Vallone Toppo del Lupo carbonatites, based on their chemical compositions and textural occurrences. They are (1) megacrysts/xenocrysts and their cleavage fragments, (2) ijolitic rocks, (3) leucite-bearing rocks, and (4) [50, 51] . In contrast, cpxs from evolved, subvolcanic, or low-pressure foiditolites and melilitolites have lower Ca# and Mg#. Cpx from melilitite-carbonatite is intermediate for Ca# and Mg#, indicating a less differentiated melt. Cpx from the Vulture leucite-bearing subvolcanic rocks has rather high MnO (up to 3.7 wt.%) and low TiO 2 contents. High MnO contents are mostly reported from chondrites, metasomatic rocks, and some intrusive carbonatites [52] and also evolve to high contents in alkaline cpx (aegirineaugite/hedenbergite) from evolved nepheline syenite [53] .
Mica xenocrysts are rich in the eastonite component and in BaO (1.5-3.5 wt.%), as observed for the other phlogopites from Mt. Vulture [9, 49] . Amphibole has Na + K > 0.5, Ti < 0.5, and Fe 3+ > Al IV and is close to the pargasite end-member.
Italian carbonatite geochemistry
This section focuses on selected observations on the extrusive carbonatite at Vallone Toppo del Lupo which are instructive for interpretation of the origin of these carbonate-rich magmas. Chemical analyses of the lapilli and the flaggy tuff rock of Vallone Toppo del Lupo are given in Table 2 . These rocks have a relatively high silica content, due partly to incorporated silicate xenocrystal debris (SiO 2 and MgO). Stoppa [4] compared the chemical composition of these rocks with other extrusive carbonatites from Italy and Uganda, which show reasonably similar compositions with high SiO 2 . For the trace elements, the high field strength element (HFSE)-large ion lithophile element (LILE) distribution is complex and shows negative spikes of Nb-Ta and Zr-Hf and high Ba, Th, and U contents in both bulk rocks and carbonates ( Figure 5 [14, 54] . The chondrite-normalised rare earth element (REE cn ) distribution in the Vulture carbonatite shows an LREE/HREE ratio of about one order of magnitude and slight Eu negative and Gd positive anomalies ( Figure 5 ). REE contents are invariably up to 2-3 times higher in primary carbonates with respect to bulk rocks ( Figure 5 ). HFSE distribution in mineral phases can be explored using LA-ICP-MS to show which phase is able to fractionate LILE/HFSE and smaller HFSE/larger HFSE ratios ( Figure 6 ). The REE distribution in mineral phases is distinct: REE content decreases from perovskite to calcite, mica rim, melilite, amphibole, and cpx to mica core ( Figure 6 , Table 3 ). Differences from core to rim are generally smaller than differences between minerals except for mica. Perovskite, calcite, melilite, and mica have higher LREE/HREE values, whereas amphibole and cpx have a characteristic "S shaped" REE distribution, with flat LREE and HREE and decreasing intermediate REE contents. Among carbonatite liquid crystallising phases, perovskite is clearly a big LREE scavenger but its modal abundance is small; apatite and mica rim may also be competitors but again their modal abundance is small compared to that of calcite. There are no silicate phases able to fractionate REE efficiently in Italian carbonatites. 
Mantle metasomatism at Vulture
The combination of light elements and highly radiogenic isotope ratios in bulk rocks can be a residual characteristic of continental crust. However, when these features are found in primitive magmas such as kimberlites, lamproites, and carbonatites, such characteristics must be related to a much deeper melting region. This reservoir is able to generate mantle melt enriched in volatiles (C, OH, S, Cl) and volatile mobilised LILEs with high LFSE/HFSE ratios (i.e. high LREE/HREE), together with variable and high contents of compatible elements (Cr, Ni, etc.) and typically carrying a large amount of mantle debris. The mantle xenoliths are an excellent starting point to understand the composition and modification of a mantle source which was affected by metasomatic fluids and melts. Spinel lherzolite, wehrlite, and glimmerite mantle xenoliths found in the Monticchio Formation are reequilibrated to lithospheric mantle pressures but contain rare relics of Cr-Mg garnet which may testify to a deeper origin. Of course Cr-rich spinel can also be derived from depths much greater than the spinel to garnet lherzolite transition, since it is a characteristic inclusion in mantle diamond, which requires depths of > 150 km. Hence, the Cr-rich spinel from Vulture (up to 30-40 wt.% Cr 2 O 3 at Mg = 62-71; [10] ) is suggestive of mantle disaggregation from depths where garnet is stable. Detailed analyses of 300 xenoliths from Vulture show that ∼20% contain minor carbonate [51] as calcite globules composed of 2-20 μm mosaic crystals, with varying optical orientations (Figure 2 ). Some calcite globules contain liquid/gaseous CO 2 bubbles and are intersected by microphenocrysts of silicates ( Figure 2 ). The carbonate varies from calcite to Mg-calcite (3.8-5.0 MgO wt.%).
The compositions of the mantle melts characterised by high K 2 O, Na 2 O, F, Cl, and S have been found as inclusions in high temperature minerals, which are inherited in later derivative rocks [50] . Reactions between carbonatite melt and mantle peridotite are evident in the Vulture nodules and it has been suggested that they could be produced by a reaction between a mobile alkalinecarbonatite metasomatising fluid and pyrope harzburgite mantle [51] . Widespread at Vulture are peridotite xenoliths, olivine, and orthopyroxene which are not in equilibrium, with common reaction textures, corroded edges, overgrowths, and replacement by fine grained aggregate of cpx, olivine, amphibole, and mica (phlogopite) which forms an interstitial assemblage. The more Fo-rich nature of secondary olivine suggests that the reaction of the silicate protolith was related to a carbonate-rich fluid. The breakdown of pargasite amphibole in the presence of the carbonate melt is interpreted to have produced cpx +/-spinel + liquid (Figure 2 ).
Also reported from the plutonic carbonatite at Vulture are primary immiscible silicate-carbonate inclusions in sövite [62] where the dominant carbonate is dolomite. A carbonate melt coexisting as an immiscible liquid with alkaline silicate melt should contain substantial alkalies. This makes the discovery of just such an alkali carbonate, in the form of nyerereite inclusions in melilite, highly significant.
Discussion
Italian extrusive carbonatites are actually Ca-carbonatites and only sövite ejecta contain some dolomite as inclusions. The recent positive identification of nyerereite in Vallone Toppo del Lupo carbonatite is thus an important confirmation of an earlier suggestion [50] . Nyerereite is not stable in near-surface conditions and rapidly breaks down in the presence of water vapour, for example to pirssonite [22, 31, 33] Because of this ephemeral behaviour, its preservation within the geological record requires unusual conditions. Its inversion kinetics from high-temperature hexagonal polymorphs [29] and metastability are not known in detail. At Vulture, as well as at many other alkaline complexes, micro-inclusions within phenocrysts act as sealed capsules creating an inert atmosphere in equilibrium with the alkali carbonates since their formation perhaps 130 ka ago. What can we interpret from the occurrence of nyerereite at Vulture? Based on the active volcano Oldoinyo Lengai, where alkali carbonatite is erupted as lava, further nyerereite and other alkali carbonates at Vulture may have been consumed by subsolidus reactions and lost during cooling and alteration such that relics are found only where they are preserved as melt inclusions trapped within silicate phenocrysts and in quench products such as glassy groundmass (perhaps subsequently recrystallised). An alternative method of formation by lower-temperature alteration is not consistent with preservation in high-temperature igneous phenocrysts. It should also be noted that alkali carbonatite may easily transform into Ca-carbonatite, preserving a magmatic texture [22, 36] . The best example of this is "former" natrocarbonatites (now calcitic carbonatite) from the Kerimasi volcano, where primary Na-Ca-carbonates are fully transformed into calcite, but relics of nyerereite (with partial replacement by calcite) were preserved as solid inclusions in magnetite [36] . Based on the examples of Oldoinyo Lengai and Kerimasi, we can suggest that the groundmass of the Vallone Toppo del Lupo carbonatite may have an initially natrocarbonatite composition. These features are consistent with formation from a quenched carbonatite melt and the enrichment of the mantle in incompatible trace elements and LREEs. In this way the alkali carbonate typified by nyerereite can be considered as a proxy for the development of alkali carbonatite melts required for it to crystallise [62] . There is xenolith evidence that Italian mantle was invaded by alkaline carbonatitic melts and that mantle minerals reacted to form a complex metasomatic assemblage. The appearance of nyerereite in the Vulture carbonatite as well as in the kimberlite pipe at Udachnaya and in carbonatite-related alkaline complexes provides the stimulus for wider discussion of alkali carbonate, including carbonate-silicate immiscibility and the role of alkali carbonatitic fluids in causing metasomatism in the mantle [63] .
The high volatile content (especially water) of kimberlites has previously made them unsuitable for a direct comparison with their dry equivalent carbonatites and potassic melilitites. However, this situation has recently changed with the study of rare kimberlites with exceptionally low water contents (< 0.5 wt.% H 2 O) from the Udachnaya-East diamondiferous pipe in Siberia [37] . There, the kimberlite groundmass, which also contains euhderal olivine and calcite, is extremely rich in water-soluble alkali chloride, alkali carbonates, and sulphates and shows textures interpreted as being due to immiscibility. Melt inclusions in groundmass olivine contain alkali-Ca carbonates and CO 2 fluid similar to the mantle xenoliths and xenocryst inclusions in Vulture [44] . The alkali chlorides and alkali carbonates in the Udachnaya-East pipe are characterised by high 87 Sr/ 86 Sr ratios of 0.7069 and 0.7050 respectively [43] , in the range of Vulture igneous rocks and carbonates. Alkali carbonate-chloride fluid compositions are also typical of micro-inclusions trapped in diamonds [64, 65] at around 5-7 GPa. Although rarely preserved in kimberlite, such chloride and carbonate fluids represent a powerful agent for chemical modification through metasomatism in the lithopsheric mantle. Indeed, highly mobile carbonatitic melt in the mantle might provide a powerful resupply pathway through metasomatism, and has been widely speculated on from the perspectives of geochemistry and experimental trace element partitioning for both continental and oceanic lithospheres (e.g. see [66] and references therein).
Carbonate and alkali-carbonate melts in the mantle have measured extremely low viscosities which are much more similar to "paraffin" or water than even the most mobile silicate melts [67] and are stable at the high pressure conditions required to crystallise "normal" mantle diamond (1150-1700°C, 5-7 GPa; Palyanov et al., 2002) and superdeep diamond from deep in the upper mantle (∼1600-2200°C, 9-20 GPa; [68, 69] ). Perhaps more significantly, other carbonate minerals may be stable throughout the lower mantle, and depending on conditions may extend to the core-mantle boundary [69] . These deep carbon phases include new structural forms for MgCO 3 , CaCO 3 , and CO 2 [70] . At high pressures well above the stability of aragonite and post-aragonite structures, predicted carbonates include stable Ba-and Sr-bearing types, providing additional potential for chemical fingerprints and isotopic diversity. These newly conjectured carbonates provide a spectacularly rich variety of superdeep carbon reservoirs for the lower mantle, some of which were quite unexpected, and their full consequences remain to be explored.
Superdeep melts
Carbonatite melt at mantle conditions is expected to be extremely mobile and has many attributes comparable to water, including similarly high heat capacity. So we may consider as a starting point that carbonatite melt may travel through the mantle like water (although of course for the moment we ignore all energetic and chemical consequences). If we make this simple analogy, we can contrast the likely mobility of carbonatite melt with the ∼30 million years required for vigorous mantle convection associated with a mantle plume to travel from the core-mantle boundary to the uppermost mantle where mass silicate melting can start. We find that a carbonatite melt could travel vertically from the core-mantle boundary to the Earth's surface in about 10,000 hours, or one year. If the mobility of the fluid agent (alkali carbonatite melt) provides a pathway, energetic requirements are not easy to calculate, but heat capacity and latent heat data will be required. Carbonatites are distributed in the Earth's geological record for more than 2 billion years [14] and suffer particularly from poor preservation so that their abundance is likely to be progressively underestimated with age. The natrocarbonatite at Oldoinyo Lengai does not immediately help because it erupts at very low temperatures, which may relegate it's petrogenesis to late-stage in the evolution of that volcano (although it may be worth looking for high-T alkali carbonate melt inclusions in early volcanic products). Preliminary heating experiments with immiscible silicate melt inclusions (silicate glass + natrocarbonatite globula + gas bubble) in nepheline phenocrysts of the Oldoinyo Lengai nephelinite have shown that separation of natrocarbonatite melt from silicate liquid occurred at temperatures higher than 900°C [71] . For Vulture nyerereite, which is found in high temperature melilite phenocrysts, we suggest there may be a link with our new concept of superdeep primary carbonatite melts. If we accept this model, then we may escape most of the geological prerequisites for a mantle plume: tectonic uplift, high heat flow, large volume eruption, thermal erosion of the lithosphere, or a deep tomographic signal. Movement of alkali carbonatite in transferring light elements from the core-mantle boundary to the upper mantle and lithophere obviates the need for a high-temperature plume. The hallmark of this process would be the intermittent production of fertile mantle portions, themselves capable of generating low temperature melting magmas such as carbonatites and kimberlites [72] . The corollary of this process is that if carbonatites transit the entire mantle so efficiently, why is deep carbon still available to drive the system? The answers could involve consideration of processes in the Earth's core, which may involve the stability of metallic carbide, or in the deep resupply through dynamic convection or other processes, which is beyond the scope of this paper.
Geochemistry and isotopes may also be scrutinised in the light of this superdeep carbonatite theory. Although there are well established silicate-carbonatite associations [73] , many carbonatites appear to be quite independent of silicate volcanism. To be fully understood, the Italian carbonatites have to be put into a broader context. In fact several cycles of low volume ultramafic, carbonatitic (melnoite), and alkaline lamprophyres have occurred on a wider scale across the Central Mediterranean since Lower Cretaceous times [28, 73] and lamproites, kamafugites, and carbonaties seem to be the youngest events in these cycles. Geochemical end-members like the FOZO have been used to identify geochemical diversity in the upper mantle [75] but FOZO does not conciliate ultramafic compositions and highly radiogenic isotope ratios. Thus consider that it is very difficult to store a radiogenically fertile and ultramafic reservoir in a convective mantle for a long time, and these reservoirs cannot be lithospheric or asthenospheric. Alkali-carbonatite may substantially implement this scenario as it can rapidly float and react with the FOZO mantle mixture, producing unimaginable chemical mobility [30] . A mobile alkali carbonatite "gravy train" from the lower mantle could go some way to solving the paradox of such isolated geochemical reservoirs, which have the acronyms ITEM [60] . Additionally we may now consider the origin of carbonatitic melts as being high pressure carbonate not only in the upper mantle but also in much deeper sources in the lower mantle, perhaps even the core mantle boundary.
Conclusions
The identification of Na Ca K nyerereite in high T phenocryst and its interpretation as the igneous phase requires a review of the petrology, mineralogy, and geochemistry of its occurrence, including the Vulture megacryst suite.
A major conclusion is that nyerereite was formed from an alkaline carbonate melt similar to the active volcano at Oldoinyo Lengai. This increases the possibility of underestimation in the geological record, due to replacement by Na-free calcite.
Carbonatitic extrusives are associated with melilititic magmas containing rare blocks of plutonic carbonatite. A carbonatitic signature is also seen in mantle xenoliths.
Lastly the proposal of superdeep carbonatite sources is suggested because new forms of carbonate provide an important new reservoir.
Appendix A: Analytical methods
Double-polished rock sections (∼ 50-100 μm in thickness) were used for optical examination of the Vulture samples in transmitted and reflected light. Preliminary identification of minerals at Vulture was provided by energy-dispersive spectra (EDS), back-scattered electron (BSE) images and elemental mapping (EDS system), using a JEOL 6380LA scanning electron microscope at the V.S. Sobolev Institute of Geology and Mineralogy (IGM), Novosibirsk, Russia. The operating conditions were as follows: accelerating voltage of 20 kV and a probe current of 1 nA, low vacuum of 40-90 Pa.
Electron microprobe analyses (EMPA) of minerals from the Vulture rocks were made at IGM, Novosibirsk, using a "CAMEBAX-micro" electron microprobe. The operating conditions were as follows: beam diameter of 1-2 μm, accelerating voltage of 20 kV and a beam current of 15-25 nA, counting time of 10 s (for all elements). Precision for major elements was better than 2 rel.%. The following standards were employed: orthoclase (K-Kα and Al-Kα), diopside (Si-Kα, Ca-Kα and Mg-Kα), rhodonite (Mn-Kα), pyrope (Fe-Kα), albite (Na-Kα), ilmenite (Ti-Kα) and synthetic fluorphogopite (F-Kα), sodalite (Cl-Kα), CaSO 4 (S-Kα), Ba-and Sr-bearing silicate glasses (Ba-Lα and Sr-Lα). Microprobe analyses were performed on the grains larger than 5-10 μm. Polished sections, approximately 100 μm thick and made with Bi-doped resin, were analysed by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) at the London University College. The LA-ICP-MS analyses were performed using a Thermo Elemental PlasmaQuad 3 ICP-MS with enhanced sensitivity 'S Option' interface coupled to a frequency quintupled Nd:YAG laser system operating at 213 nm (New Wave Research). This laser has vastly superior coupling efficiency for carbonates than the traditionally used 266 nm laser (typically 80% absorbance in calcite compared with ca. 40% at 266 nm) and gives the ability to slow the rate of ablation to give longer signals. The laser had a beam diameter ranging from 30 to 55 μm, and was fired at a repetition rate of 10 Hz; the energy density was 3 Jcm −2 . A 10 ms dwell time was set for each mass and data were collected over a period of 90s and data recorded as a function of time (time resolved analysis). The time resolved spectra produced were examined carefully and portions of the spectra which were free from surface contamination or other phase change effects were selected for further processing. The first and last two analyses in each run were of the National Institute of Standards Technology (NIST) standard reference material NIST SRM 612, a silicate glass, and used for calibration. In each run an analysis of the USGS standard reference material BCR2G (a fused glass of the Columbia River Basalt) was performed and data from this were used to monitor the accuracy of the technique. See Jeffries (2001) for a detailed discussion of the LA-ICP-MS analytical technique. Calcium concentrations determined by EMPA were used to calculate the absolute trace element concentrations in the calcite. The concentration of strontium provided a check of the correlation between EMP and LA-ICP-MS data on carbonates.
